Abstract. Recently, one of the authors (A. V. G.) developed a theory of low-frequency plasma irregularities which are created as a consequence of neutral turbulence in the D and lower E regions. In the following this theory will be applied to coherent backscatter experiments with radars in a frequency range between 5 and 150 MHz. We discuss the dependence of the backscatter cross-section on ionospheric as well as on turbulence parameters. The backscatter increases strongly with decreasing radar frequency. Above 15 MHz the effects discussed here can probably only be detected by very powerful radars with large antenna arrays.
Introduction
Plasma turbulence in the ionospheric E region is well explored mainly through radar backscatter experiments (for reviews see e.g. Schlegel, 1996; Haldoupis, 1989) or rocket experiments (e.g. Rose et al., 1992; Pfaff, 1991) . It is usually attributed to plasma instabilities like the modified two-stream or Farley-Buneman instability (Farley, 1963; Buneman, 1963) and the gradient drift instability (Simon, 1963) . These instabilities are excited in the altitude range of about 100-120 km. Below this region both instabilities are severly damped due to the increasing number of collisions between the plasma particles and neutrals. Unstable plasma waves, however, have also been detected well below 100 km, mainly by rocket experiments (e.g. Blix and Thrane, 1996; Blix et al., 1994; Rinnert, 1992; Schlegel, 1992; Pfaff, 1991; Røyrvik and Smith, 1984) , indicating that mechanisms other than the mentioned plasma instabilities are responsible for the plasma turbulence. Gurevich et al. (1996) recently developed a new theory which describes quantitatively the transfer of neutral On leave from P. N. Levedev Institute of Physics, 117924 MOSCOW Correspondence to: K. Schlegel turbulence to a plasma, resulting in low-frequency plasma irregularities. They assume Kolmogorov's ''!5/3-law'' for the neutral turbulence and characterize it further by three parameters, namely the energy dissipation rate , the characteristic velocity » and a chacteristic scale l . It is further assumed that the turbulent structures of the neutral density cause in turn irregularities in the electron density which can be detected by a suitable radar. The characteristics of the electron density structures are mainly determined by the turbulence parameters just given for altitudes below about 90 km because of the frequent collisions between the electrons and neutrals. At greater heights the electron density structures are in addition influenced by plasma processes, particularly by the different electron mobility parallel and perpendicular to the geomagnetic field lines, introducing an aspect sensitivity of the radar return. Gurevich et al. (1996) calculated the electron density fluctuations as well as the electric field fluctuations as a function of frequency and wave number, using a quasi-neutral fluid theory approximation. One of their results is an analytical formula for radar backscatter. This cross-section is quantitatively explored in the following, and the implications for backscatter experiments in the MF, HF and VHF ranges are discussed.
In principle this new theory should also be applicable to mesospheric backscatter. For the first time it provides an explicit expression for the spectral shape, which was not available in previous theoretical approaches. A detailed discussion in terms of mesospheric applications (e.g. MST radars) however, is beyond the scope of this contribution. We are concentrating here on the height range of the lower E region.
The paper is organized as follows: in Sect. 2 the crosssection formula is explained in detail; its height dependence is discussed in Sect. 3. Section 4 discusses the spectral shape and the dependence on various plasma parameters and Sect. 5 gives estimates of the actual backscattered power for an experiment with an assumed antenna configuration. Section 6 concludes the paper.
From the theory of Gurevich et al. (1996) , an expression for the differential Doppler spectrum of the radar backscatter can be developed. The corresponding radar backscatter cross-section per unit frequency and per unit solid angle reads:
with the following constants: e"elementary charge, m"electron mass, c"speed of light, and parameters: R"range to scattering volume, "energy dissipation rate of the neutral turbulence, k"wave vector of irregularities ( "4 f /c), » "characteristic velocity of turbulence, & "electron gyro frequency, "elevation angle of radar line of sight, v "neutral wind velocity, "electron neutral collision frequency and N (z)" electron density.
The characteristic scale of turbulence can be expressed according to Tatarski (1961) :
N (z) is the neutral density in cm\ and ¹(z) the neutral temperature in Kelvin. Both are functions of altitude z, whereas for the energy dissipation rate a mean value valid for the whole altitude range 70-110 km is assumed.
With the help of l a universal energy spectrum of the turbulence can be defined (Sirovich et al., 1994) :
for x(1 this spectrum reduces to the well-known Kolmogorov law, for larger x it falls off exponentially. Further expression characterize the plasma and its interaction with the neutrals via collisions:
where M is neutral mass and ion neutral collision frequency. The linear phase velocity of the plasma waves is defined as usual:
where v and v are electron and ion drift velocity, respectively. The damping of the unstable waves is assumed to result from collisions (through ) and from diffusion:
If not otherwise specified, a 'standard set' of parameters has been used in the following calculations: f " 10 MHz, "0.1 W kg\"1000 cms\, » "10 m s\, & "0.88 * 10 s\, v "30 m s\, v "v "40 m s\ (v "0) and k "0.01k . For simplicity it was assumed that v and v are directed along the radar wave vector.
The values for and » are taken from Hocking (1990) , and seem to be typical for strong turbulence (see the discussion in Sect. 4c, e), and v from Manson et al. (1990) . The relation k /k "0.01 indicates an aspect angle (angle between the radar wave vector and the normal of the magnetic field direction) of 0.57°, i.e. almost perpendicular. It has been assumed that the radar is located at mid-latitudes and the radar elevation angle has therefore been taken as "30°, resulting in a range to the scattering volume R"180 km if its mean height is around 90 km.
Height variation of parameters
First of all, it is useful to consider the variation of some of the input parameters with altitude. Such an overview is shown in Fig. 1 for the neutral temperature, the neutral density, the electron and ion collision frequency, the perpendicular diffusion coefficient, the parameter , the scale of the neutral turbulence and the electron density. The values of ¹ , N and N have been taken from Appendix B of Kelley (1989) , and have been calculated from these data with the help of formulas given in the same publication; the other parameters have been calculated from the equations given in Sect. 2. It is obvious that all of these parameters, except the neutral temperature, vary over several orders of magnitude in the height range of 70 to 110 km. A large change in the scattering cross-section with altitude can therefore be expected.
In order to bracket the height range which is important for the calculation of the differential cross-section, the integrand of Eq. 1 [in the following called I( )] was examined for different heights as a function of Doppler frequency. I( ) constitutes a Lorentzian-shaped function (second bracket in the denominator) in terms of . Its width is determined by , the damping of the plasma waves. Since increases with altitude (mainly because of the decrease in ), I( ) becomes broader with increasing height. The centre of I( ) is solely determined by the neutral wind velocity v at low heights. At greater heights the influence of the electron drift velocity v (through ) becomes important. The magnitude of I( ) is controlled by the turbulent energy density E(x). Since x"kl is already strongly height dependent (see Fig. 1 ), E(x) varies over 27 orders of magnitude between 70-and 110-km altitude. The location of the maximum in the height profile of I( ) also depends on the radar wavelength (through x"2 l / ). This maximum altitude and the height profile of E(x) therefore define the height range over which the integration in Eq. 1 has to be taken. We used 
Outside these intervals the contribution of I( ) to the integral in Eq. 1 is negligible [I( )/I ( )(10\]. The detailed behaviour of I( ) is documented in Schlegel and Gurevich (1995) .
4 Discussion of backscatter cross-section
Differential and total cross-section
Figure 2 shows backscatter spectra for different radar frequencies. In order to facilitate a better comparison, they have been plotted versus Doppler velocity rather than Doppler frequency. In addition they have been normalized to unity. The values printed in the upper left-hand corner of each panel give the radar frequency and the total cross-section per unit solid angle, i.e. the integral
It is interesting to note that the mean Doppler velocity decreases with increasing radar frequency. This is due to the fact that the mean Doppler velocity in the spectra results from a superposition of the neutral velocity v and the E;B drift v . At smaller radar frequencies the integration interval (see (8)) shifts to greater heights where the influence of v increases, thus leading to higher mean Doppler velocities. This effect is demonstrated clearly in the spectrum for 5 MHz (upper left-hand panel of Fig. 2) , where the contributions from height steps above 105 km (separated by 1 km in our calculations) introduce spikes in the upper half of the spectrum. Consequently, the spectra become more symmetric with increasing radar frequency.
Again it can be seen that the total cross-section is strongly dependent on the radar frequency. This is even more evident from Fig. 3 , where the total cross-section is plotted versus radar frequency. It decreases by 15 orders of magnitude between radar frequencies of 4 and 
Influence of neutral wind and E;B drift
The interplay of neutral wind and E;B drift in the determination of the mean Doppler shift of the spectra is easily understood from Eq. 1. The 'standard' spectrum for 10 MHz (upper right-hand panel of Fig. 2) shows a mean Doppler shift of 37 ms\. This is the sum of the 'standard' neutral wind velocity v "30 m s\ and the 'standard' E;B drift v "40 m s\ leading to /k+7 m s\. For the other three radar frequencies the mean Doppler shift can be understood in a similar way.
In the standard parameter set we have so far always applied a neutral wind velocity which was constant in altitude, a case which is quite unrealistic in practice. We have therefore examined the influence of a wind profile on the spectrum. All the other parameters have been kept from the standard set. Basically, two details are different in this case: the mean Doppler velocity corresponds to the wind velocity at the height of the maximal contribution of I( ) to the integral in Eq. 1, which is about 95 km for the radar frequency of 10 MHz; and the width of the spectrum is about 60-70% greater than the width of the standard case, depending mainly on the gradient of the wind in the vicinity of the height of maximal contribution.
Different values of the E;B drift have only a very small influence on the mean Doppler velocity of the spectrum, at least for a radar frequency above 10 MHz. This influence increases for smaller radar frequencies however, due to the fact that in this case the integration interval of Eq. 1 has to be shifted to greater heights, where, in turn, is smaller and thus the influence of stronger, as already mentioned. The E;B influence on the spectrum decreases strongly if the radar beam is moved away from the aspect angle around 0. In this case k and in turn y and increase (Eqs. 4 and 6), yielding very small values of . We actually used the small aspect angle in our 'standard' case in order to demonstrate the E;B influence, although the chosen geometry may be difficult to achieve with large antennas (see Sect. 5).
The width of the spectrum
The width of the backscatter cross-section (Eq. 1) is determined by two parameters: the characteristic velocity of the turbulence » and the damping of the waves (Eq. 7). The variation of » in the atmosphere is not well known, values of the order of 10 m s\ as obtained from radar measurements (Hocking, 1990) are probably typical for strong turbulence. Average values of the order of 1 m s\ as obtained from in situ rocket data seem to be more common (Lu¨bken et al., 1993) . A similar uncertainty of about a factor of two exists for due to variations in the neutral temperature and the neutral density (and in turn in the electron-neutral collision frequency). It should be stressed again, however, that the influence of on the width of the spectrum is only important at heights above 95 km, which contribute to the height integral, Eq. 1, only for low radar frequencies. It should further be noted that the width dependence on » leads to Gaussian-shaped spectra, the width dependence on to Lorentzian-shaped spectra. A differentiation of measured spectra between these two types is possible, as the work of Hanuise et al. (1993) has shown.
A width of a few 10 m s\, which our calculations reveal, is much lower than the spectral width usually measured by coherent or auroral radars at frequencies between 50 and 150 MHz. Width values of the order of 100 m s\ or more quite normal (e.g. Schlegel et al., 1986) . With the present theory such broad spectra can only be explained by unrealistically high wind variations over the altitude range relevant for the height integration of Eq. 1, together with variations in » and the other neutral gas properties. It should be kept in mind however, that auroral radars are usually sensitive to an altitude range of 95-115 km, which is higher than the ranges regarded in this study for 50-150 MHz (see Sect. 3). The situation is different for MF-radar results where the measured width values are comparable to those obtained here (Schlegel et al., 1978, see Sect. 6 ).
Influence of the aspect angle
The aspect angle, that is the angle between the radar wave vector and the normal of the geomagnetic field direction, has quite a strong influence on the shape as well as on the total backscatter cross-section. This is true however, only for radar frequencies at 10 MHz and below, because the E;B influence is almost negligible at radar frequencies above 10 MHz, as already stated in Sect. 4.2.
Since the aspect angle is defined as
it is the parameter y (Eq. 3) which is affected here, and which enters Eq. 1 in various terms. Figure 4a shows the total cross-section (Eq. 9) for 10 MHz as a function of Fig. 4 . a Cross-section per unit solid angle as a function of the aspect angle , expressed as the ratio k /k"sin for a radar frequency of 10 MHz. b Backscattered power ratio P P /P R as a function of radar elevation angle for 10 MHz sin "k /k. The standard case, k /k"0.01, corresponds to the left starting point of the two curves. It is clear from Eq. 1 that the cross-section is zero for k "0, because it means y"0. The cross-section increases up to a value of k /k+0.1 ( +6°) by a factor of 40. For larger aspect angles the cross-section weakly decreases again. It should be noted that in these calculations all other parameters have been kept to the standard set. This is quite unrealistic in practice with respect to R and (Eq. 1) and to neutral wind and E;B drift, which all change their values if the radar beam is more elevated. We have nevertheless kept these parameters constant in order to investigate the sole influence of the aspect angle. A more detailed discussion of the influence of the radar elevation angle as shown in Fig. 4b follows in Sect. 5.
Influence of the energy dissipation rate
Whereas the characteristic velocity » influences mainly the width of the spectra, it is interesting to examine the influence of the energy dissipation rate which enters Eq. 1 directly and via l (Eq. 2). We are aware that this parameter shows strong natural fluctuations and varies at least by a factor of 5 in the height range in question. Recent rocket results (Lu¨bken et al., 1993) indicate that can be smaller by a factor of 10 compared to previous radar estimates (Hocking, 1990) . The calculations show that the total backscatter cross-section increases by a factor of about 3 when is increased by a factor of 5. This ratio is almost independent of the radar frequency.
The backscatter power spectrum
In order to study the effects of a variation of the radar elevation angle more realistically, the total backscattered power spectrum has been calculated. The backscattered power as a function of frequency can be expressed as:
with
G R ( , ) and G P ( , ) are the gain of the transimitting and receiving antenna, respectively, P R is the transmitted power and and are the angles spanning the plane perpendicular to k l . These angles enter the cross-section (Eq. 1) via the scaler products k l · vl M and k l · vl , as well as through the aspect angle.
We have used a model antenna for this calculation corresponding to the electric properties of the antenna built for the HEATING project near Tromso (Stubbe et al., 1982) . It has a beam half-width of 7.25°in both dimensions ( and ) and a total gain of 24 db, and can be realised by an array of 6;6 dipols. It is used in our case for transmitting and receiving. The gain factors can be expressed as
with g "251.2 and w"7.25°. We have first kept the radar elevation of "30°and all the parameters of the standard set (neutral wind constant with height) and calculated the integral Eq. 11 although we are aware that this beam elevation may be difficult to achieve with such an antenna. The result shows that the form of this power spectrum is very similar to the form of the cross-section spectrum (upper right-hand panel of Fig. 2) , mean Doppler velocity and width are almost the same. The ratio of received to transmitted power after integrating over the whole spectrum with respect to is P P /P R "6.14 * 10\. It is also interesting to inspect the integrand of Eq. 11, i.e. the backscatter cross-section folded with the antenna pattern. It is displayed in Fig. 5a , from which it can be seen that the maximum cross-section occurs at about 3°-4°off the 0°aspect angle, whereas at the aspect angle of exactly 0°of the cross-section is zero, as already mentioned.
We have then successively increased the radar elevation angle assuming that the centre of the scattering volume remains at 90-km altitude. The neutral wind, as well as the E;B drift was scaled by 1/cos , thus assuming horizontal velocities of 34.6 m s\ and 46.2 m s\, respectively. The backscattered power ratio for our assumed antenna configuration as a function of the elevation angle is plotted in Fig. 4b . It reflects the aspect angle dependence already displayed in Fig. 4a , but also the increase in power towards vertical incidence because of the shorter range to the scattering volume. Therefore it varies only by a factor of about 2 over the studied elevation angle range compared to a factor of 40 over the corresponding aspect angle range. The shape of the spectrum does not change very much as a function of radar elevation. The width remains around 10 m s\ as in the case of the cross-section (upper right-hand panel of Fig. 2 ). The backscatter cross-section folded with the antenna pattern for the case "90°is plotted in Fig. 5b ; contrary to Fig. 5a it peaks in the direction of the radar beam.
Finally we have calculated the backscattered power as a function of radar frequency which can be expected with a 50-kW transmitter and the antenna described above. This result is plotted in Fig. 6 as a solid line. The dashdotted line gives an estimate of the sky noise calculated from the equation
assuming a receiver bandwidth B U "50 kHz (k "Boltzmann constant), and a sky noise temperature of 125 000 K at 10 MHz and 2000 K at 100 MHz (Kraus, 1986) . This line crosses the backscattered power curve at a frequency of about 15 MHz. Therefore at higher frequencies either pulse coding techniques, a higher transmitted power or a large antenna array have to be used in order to detect the echoes.
Concluding remarks
The rocket measurements cited in the introduction prove clearly that electron density fluctuations are present in the 80-100-km altitude range. According to our estimates the radar backscatter from these fluctuations should be likewise detectable with powerful radars, particularly at frequencies below 15 MHz. Indeed, MF-radar (2-4 MHz) observations (often cited as partial reflections) frequently show narrow spectra exhibiting a width of the order of 10 m s\, which was related to the characteristic velocity of the turbulence (e.g. Schlegel et al., 1978; Manson et al., 1981) . The mean Doppler shift is usually interpreted as the neutral wind velocity (Gregory et al., 1982; Manson et al., 1990) . Narrow spectra of a width up to 10 m s\ have also been observed with the SURA facility in Nizhny Novgorod, Russia on 7-9 MHz (Karashtin et al., 1996) . So far these echoes have already been interpreted at least partly in terms of neutral turbulence. The fact that these echoes are stronger at middle and high frequencies was qualitatively explained in terms of the Kolmogorov spectrum: the scale lengths of the inertial subrange fit well to the wavelengths of such radars. This concept is incorporated in the theory of Gurevich et al. (1996) in quantitative terms (Eq. 3). It should be noted, however, that MF-radar echoes can partly be explained also by specular reflections from discrete layers (Ro¨ttger, 1980) . An important discrepancy between our estimates and the experimental backscatter results is the considerably larger received power. Although a quantitative estimate of the backscattered power is difficult and is rarely published for MF radars, it can be stated that they usually obtain strong echoes with less transmitter power and smaller antenna arrays than regarded here. The reason may be that in this theory the turbulent medium has been treated as homogeneous and isotropic, which is probably a rather idealized assumption. Inhomogeneous and intermittent turbulence would yield higher backscattered power, but its theory has not yet been incorporated into this theoretical frame. Experimental indication of an isotropic medium is the fact that observed radar echoes are aspect sensitive around vertical incidence. Off-vertical backscatter is smaller by about 1-2 db deg\ (Reid, 1988) . This is another discrepancy in our results, where the backscattered power increases when the radar elevation angle deviates from the vertical direction ( (90°, see Fig. 4b ). Note that the term aspect angle is used differently here compared to our discussion in Sect. 4.4. Here the deviation from the vertical direction is meant, rather than from the direction perpendicular to the magnetic field.
In conclusion, it should be stated that Gurevich et al. (1996) regard their theory as an important step into the direction of a quantitative treatment of plasma irregularities caused by neutral turbulence. Its further development and amendment with respect to the deficiency mentioned above is under way.
